Androgens have been used in the treatment of bone marrow failure syndromes without a clear understanding of their mechanism of action. Blood counts of patients with dyskeratosis congenita or aplastic anemia with mutations in telomerase genes can improve with androgen therapy. Here we observed that exposure in vitro of normal peripheral blood lymphocytes and human bone marrow-derived CD34 ؉ cells to androgens increased telomerase activity, coincident with higher TERT mRNA levels. Cells from patients who were heterozygous for telomerase mutations had low baseline telomerase activity, which was restored to normal levels by exposure to androgens. Estradiol had an effect similar to androgens on TERT gene expression and telomerase enzymatic activity. Tamoxifen abolished the effects of both estradiol and androgens on telomerase function, and letrozole, an aromatase inhibitor, blocked androgen effects on telomerase activity. Conversely, flutamide, an androgen receptor antagonist, did not affect androgen stimulation of telomerase. Down-regulation by siRNA of estrogen receptor-␣ (ER␣), but not ER␤, inhibited estrogen-stimulated telomerase function. Our results provide a mechanism for androgen therapy in bone marrow failure: androgens appear to regulate telomerase expression and activity mainly by aromatization and through ER␣. 
Introduction
Telomere attrition has been associated with the process of normal aging and as etiologic of aneuploid malignancies (in mouse "knockout" models) and of a variety of human diseases (due to mutations in relevant genes). 1 Telomeres consist of T 2 AG 3 repeats and proximate proteins located at the end of chromosomes that serve to prevent recombination, end-to-end fusion, and activation of DNA damage responses. 2 As DNA polymerase is unable to fully duplicate telomeres during cell divisionthe "end replication problem" 3 -telomeres are eroded until reaching critically short lengths, signaling the cell to cease proliferation (cellular senescence) and apoptosis. 2 To maintain telomeres, some highly proliferative cells, including hematopoietic progenitor and stem cells, express telomerase (TERT), a specialized reverse transcriptase capable of adding DNA repeats to the 3Ј end of telomeric leading strand using an RNA molecule (TERC) as a template. Telomerase also is expressed in the majority of malignant cells of many tissues. 4 Abnormal telomere maintenance is a feature of a variety of human diseases. Dyskeratosis congenita, a constitutional type of aplastic anemia, is caused by mutations in genes involved in telomere maintenance (DKC1 is mutated in X-linked dyskeratosis congenita 5, 6 ; TERC, TERT, and TINF2 are mutated in autosomal dominant dyskeratosis congenita [7] [8] [9] ; and TERT, NOP10, and NHP2 are mutated in autosomal recessive dyskeratosis congenita 10, 11 ). Mutations in TERT and TERC also are genetic risk factors for acquired aplastic anemia. 12, 13 Although most acquired aplastic anemia is the result of an immune process destroying hematopoietic stem and progenitor cells, 14 predisposition to the development of marrow failure appears to be conferred by inherited TERT or TERC mutations. These genetic alterations result in low telomerase activity by haploinsufficiency, short telomeres in leukocytes, and reduced hematopoietic function. Of clinical relevance, aplastic anemia patients with telomerase mutations tend to respond poorly to therapy with immunosuppressive drugs. 15, 16 Androgens have been employed as therapy for marrow failure syndromes since the 1960s, but their mechanism(s) of action on hematopoiesis is not understood. Dyskeratosis congenita 17 and acquired aplastic anemia with telomerase complex mutations often respond to treatment with androgens. 1 Other bone marrow failure syndromes, such as Fanconi anemia, also may improve with hormonal therapy. There is evidence that androgens control telomerase expression in prostate cancer cells 18 and normal reproductive tissues. 19 For these reasons, we hypothesized that androgens might act similarly on hematopoietic cells. In the present study, we investigated the effects of sex steroids on telomerase activity and expression in primary blood and marrow cells from healthy persons and telomerase-mutant individuals.
Methods

Peripheral blood mononuclear cell separation and culture
Peripheral blood and bone marrow samples were collected after informed consent was obtained in accordance with the Declaration of Helsinki and research protocol approved by the NHLBI Institutional Review Board. Twenty milliliters of peripheral blood were collected from 2 healthy carriers of TERT codon Ala202Thr mutation and 1 healthy carrier of the codon Val1090Met mutation, and healthy volunteers. Mononuclear cells were separated by density gradient centrifugation at 500g for 35 minutes at room temperature using LSM lymphocyte separation medium (MP Biomedicals LLC). After 2 washes in phosphate-buffered saline (PBS; Mediatech Inc), cells were resuspended in phenol-free RPMI 1640 (Mediatech Inc) with L-glutamine supplemented with charcoal-treated 10% fetal bovine serum (HyClone), penicillin G sodium (100 g/mL), streptomycin sulfate (292 g/mL; Gibco), phytohemagglutinin (5 g/mL; Sigma-Aldrich), and interleukin-2 (IL-2; 40 IU per milliliter; PeproTech Inc) at 37°C with 5% CO 2 in the presence or absence of androgen (methyltrienolone [R1881; Perkin Elmer], 6␤-hydroxy-testosterone [6␤-HT], 19-nortestosterone-17 decanoate [19-NT; Sigma-Aldrich]), estradiol (Sigma-Aldrich) and/or 4-hydroxy-tamoxifen (Sigma-Aldrich), and/or letrozole (provided by Novartis, Basel, Switzerland under material transfer agreement number 25304), flutamide (Sigma-Aldrich), hydrocortisone 21-succinate (SigmaAldrich), and cyclosporine (Novartis) at various concentrations. Cells were cultured from 1 to 8 days.
Bone marrow and peripheral blood CD34 ؉ cell separation and culture
Bone marrow samples were collected from the iliac crest of normal volunteers, diluted 10-fold in RPMI 1640 with 100 U/mL DNAse II-S (Sigma-Aldrich), shaken gently at room temperature for 45 minutes, filtered through 30-m nylon mesh, and mononuclear cells separated by density gradient centrifugation at 400g for 35 minutes at room temperature using LSM. Peripheral blood samples were collected by leukocytapheresis from healthy volunteers. Cells obtained from either source were washed twice in PBS containing 2 mM ethylenediaminetetraacetic acid, and labeled directly with magnetic anti-CD34 monoclonal antibody (Direct CD34 Progenitor Cell Isolation Kit; Miltenyi Biotec) according to the manufacturer's instructions. Magnetic-labeled cells were positively selected by dual column separation. A cell aliquot was incubated with anti-CD34-PE (clone 8G12), anti-CD45-APC, and/or anti-CD71-PE monoclonal antibodies (BD Biosciences), and the purity of CD34 ϩ cells was analyzed in a LSRII flow cytometer (Becton Dickinson). Purified cells were cultured in StemSpan H3000 media (StemCell Technologies) supplemented with recombinant human-Flt-3 ligand (100 ng/mL), recombinant human-stem cell factor (100 ng/mL), and IL-3 (20 ng/mL) and IL-6 (20 ng/mL; StemSpan CC100 Cytokine Cocktail), with or without methyltrienolone at 0.5 and 5 M, testosterone at 1 M, or estradiol at 1 M, at 37°C with 5% CO 2 .
Quantification of telomerase activity
Telomerase activity was measured by the fluorescent telomeric-repeat amplification protocol (TRAP assay) with the TRAPeze XL Telomerase Detection kit (Chemicon), according to the manufacturer's instructions. Briefly, cultured cells were washed twice in PBS, lysed in CHAPS buffer 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate) at a concentration of 10 6 cells/200 L for 30 minutes on ice, and centrifuged at 12 000g for 20 minutes at 4°C. Protein concentration was determined using the bicinchoninic acid protein assay kit (Pierce). Telomerase activity was assayed with 2 g protein per reaction, and experiments were performed in triplicate. Fluorescence was measured in an optically clear 96-well plate read in the Victor3 spectrofluorometer (Perkin Elmer). Telomerase activity was calculated as total product generated units relative to the TSR8 standard curve, according to the manufacture's recommendations. As absolute telomerase activity may vary in total product generated units from experiment to experiment, telomerase activity was normalized as "relative telomerase activity," considering telomerase activity of stimulated lymphocytes or CD34 ϩ cells in the absence of any sex hormone as 100%.
TERT mRNA expression
Total RNA was extracted from lymphocytes using the PicoPure RNA Isolation kit (Arcturus). TERT mRNA expression was first determined by reverse transcriptase polymerase chain reaction (RT-PCR), as previously described. 20 Briefly, 1 g RNA template was amplified using the following primers: forward, 5Ј-CGGAAGAGTGTCTGGAGCAA-3Ј and reverse, 5Ј-GGATGAAGCGGAGTCTGGA -3Ј, and the one-step RT-PCR kit (QIAGEN) in the following conditions: 50°C for 30 minutes; 95°C for 15 minutes; 94°C for 45 seconds; 60°C for 45 seconds; 72°C for 90 seconds, 31 cycles; and 72°C for 10 minutes. GAPDH gene was amplified as RNA loading control, with the primers (forward, 5Ј-CTCAGACACCAT-GGGGAAGGTGA-3Ј; reverse, 5Ј-ATGATCTTGAGGCTGTTGTCATA-3Ј) in the following conditions: 50°C for 30 minutes; 95°C for 15 minutes; 94°C for 45 seconds; 55°C for 45 seconds; 72°C for 90 seconds, 16 cycles; and 72°C for 10 minutes. To confirm RT-PCR results, TERT mRNA levels were determined by real-time RT-PCR using the TaqMan One-Step RT-PCR Kit (Applied Biosystems) and fluorescein phosphoramiditelabeled probe for TERT and Vic-Tamra-labeled probe for ␤-microglobulin; 250 g total RNA were used per reaction, and RT-PCR was performed in a PTC-200 thermal cycler equipped with Chromo4 detector (MJ Research), according to manufacturer's instruction. A plasmid containing TERT was used to build the standard curve in serial dilutions (10 6 -10 1 copies per reaction), and ␤2-microglobulin was used as control.
Expression of androgen receptor, estrogen receptors, and aromatase
For the androgen receptor (AR) and estrogen receptor ␣ (ER␣) expression was measured by immunoblotting. Peripheral blood leukocytes were separated as above and breast cancer cell line MCF7 (HTB-22, lot no. 0706420; ATCC) and prostate cancer cell line LNCaP (CRL-, lot no. 766845; ATCC) were cultured as recommended by ATCC. Cells were lysed in mPER and cell lysates electrophoresed in 4% to 20% Tris-glycine polyacrylamide gels (Invitrogen). Protein was transferred to nitrocellulose membranes and incubated with primary antibodies (for AR, rabbit polyclonal N-20, lot no. K0907; for ER␣, mouse monoclonal D-12, lot no. G1607; for ␣-tubulin, mouse monoclonal AA12, lot no. I2508, all from Santa Cruz Biotechnology; and for actin, monoclonal antibody ACTN05, Abcam Inc). For the detection of ER␤ (ESR2) and aromatase (CYP19) expression, we measured mRNA by RT-PCR. Fifty micrograms of total RNA template were amplified using the following primers: forward, 5Ј-TGA AAA GGA AGG TTA GTG GGA ACC-3Ј, and reverse, 5Ј-TGG TCA GGG ACA TCA TCA TGG-3Ј by RT-PCR using conditions similar to those for TERT, except for a annealing temperature of 53°C and a total of 35 cycles. For CYP19, 50 g RNA template was amplified using the following primers: forward, 5Ј-GAA TAT TGG AAG GAT GCA CAG ACT-3Ј and reverse, 5Ј-GGG TAA AGA TCA TTT CCA GCA TGT-3Ј and using the same RT-PCR conditions as above, except for an annealing temperature of 57°C (total of 35 cycles).
Estrogen receptor knockdown
Five million lymphocytes obtained from peripheral blood of healthy volunteers were electroporated with small interference siRNA using the Amaxa Nucleofector II program U-014 and the Human T Cell Nucleofector kit (lot no. FAC-04 760, all from Amaxa Biosystems/Lonza, Walkersville Inc). siRNAs were obtained from Dharmacon RNAi Technologies: nontargeting pool (scramble; lot no. 869521), ESR1 (ER␣; lot no. 071120), and ESR2 (ER␤; lot no. 071120).
Statistical analysis
Differences in telomerase activity at various drug concentrations were assessed by the nonparametric Kruskal-Wallis test, followed by the Dunn multiple comparison test. When only 2 groups were analyzed, the MannWhitney test was performed. A P value less than .05 was considered statistically significant. Prism 4 software (GraphPad Software) was used to perform statistical tests.
Results
Androgens stimulate telomerase activity and TERT gene expression in normal stimulated lymphocytes
To determine the kinetics of telomerase activation in hematopoietic cells, normal peripheral blood lymphocytes were cultured with For personal use only. on September 13, 2017. by guest www.bloodjournal.org From IL-2 and phytohemagglutinin (PHA): in vitro, telomerase activity was initially very low, significantly increased at day 2 (P Ͻ .001) and then slightly declined over time ( Figure 1A ). To test whether androgens modulated telomerase function in primary lymphocytes, we chose 3 androgenic compounds; selection was dictated in part by the availability of these heavily regulated compounds, but also to test drugs used in clinical settings or reported in previous publications, and based on their known ability to undergo aromatization. Methyltrienolone (R1881), a readily available synthetic androgen, was added to the cell media at concentrations of 500 nM and 5 M; R1881 significantly augmented telomerase activity at day 3 of culture in a dose-dependent fashion (P Ͻ .001; Figure  1B ). Cells were harvested on day 3 because telomerase activity was still very high compared with day 2 and the larger number of cells allowed for protein and RNA extraction. Likewise, 19-nortestosterone-17-decanoate (19-NT), widely used in the clinic, at 5 M increased telomerase activity of cultured lymphocytes (P Ͻ .05; Figure 1B) ; 6␤-hydroxy-testosterone (6␤-HT), a metabolic product of 6␤-hydroxylase, caused more modest increase in telomerase function, not reaching statistical significance.
We next addressed whether androgens affected TERT gene expression in lymphocytes. Using RT-PCR, we found that R1881 induced TERT mRNA expression, in correlation with higher telomerase activity (Figure 2A ). These results were confirmed by real-time PCR: TERT mRNA levels were significantly higher when cells were cultured with R1881 (P Ͻ .05; Figure 2B ). Taken together, our data indicated that both androgens stimulated TERT gene transcription and increased telomerase activity.
Estradiol also stimulates telomerase activity
Normal peripheral blood lymphocytes were cultured with IL-2 and PHA with or without addition of ␤-estradiol (E 2 ) (1,3,5-Estratriene-3,17␤-diol). Similar to androgens, E 2 also increased telomerase function in stimulated lymphocytes compared with controls (A) The kinetics of telomerase activity in normal cultured peripheral blood lymphocytes was determined in 2 separate experiments by measuring time-dependent changes in telomerase activity from 3 healthy donors. Each time point was measured in triplicate for each individual. Telomerase activity was absent upon collection, very low during the first day in vitro, significantly increased at day 2, and then slightly decreased over time until day 7. (B) Androgens activate telomerase activity of cultured lymphocytes. Methyltrienolone (R1881) induced telomerase function in a dose-dependent fashion (n ϭ 10, 5 men and 5 women; each measurement done in triplicate; data are combined results from 3 different experiments). 19-nortestosterone (19-NT) also induced telomerase function but not 6␤-hydroxy-testosterone (n ϭ 2, in 2 experiments; *P Ͻ .05; ***P Ͻ .001). (P Ͻ .05; Figure 2C ). In addition, 2 CD34 ϩ cell samples of healthy controls were treated in the presence of E 2 , which significantly stimulated telomerase activity in comparison to control condition (P Ͻ .05).
Hydrocortisone does not modulate telomerase function
As sex hormones are steroids, we also addressed whether other steroids, specifically glucocorticoids, might modulate telomerase function. Peripheral blood lymphocytes were cultured for 3 days in the presence of hydrocortisone at concentrations of 1 M and 10 M. Hydrocortisone did not influence telomerase activity of lymphocytes ( Figure 2D ), although some apoptosis was induced, as demonstrated by the sub-G0 DNA population in cell-cycle analysis ( Figure 2E) ; corticosteroids also inhibited cell-cycle transit, as indicated by the reduction in G2 plus S population ( Figure 2E ).
Inhibition of sex steroids effects on telomerase activity by tamoxifen
Because telomerase was activated by both androgens and estradiol in human primary lymphocytes, we investigated the cellular pathways involved and specifically the role of the ERs, which bind through estrogen receptor elements (EREs) in the TERT promoter ( Figure 3A) . 21, 22 To address this mechanism in hematopoietic cells, lymphocytes were cultured with either R1881 (5 M) or E 2 (1 M) in the absence or presence of 4-hydroxy-tamoxifen, an estrogen antagonist, at 1 M. The increase in telomerase activity induced by both R1881 and E 2 was abrogated by tamoxifen ( Figure 3B) , without altering the rate of cell death (data not shown). As a control, tamoxifen alone at the same concentration did not modulate telomerase function in lymphocytes, while higher doses of tamoxifen (10 M and 100 M) induced cell death (data not shown).
Inhibition of the androgen receptor pathway does not affect telomerase activity in lymphocytes
We next asked whether the AR pathway contributed to telomerase activation in peripheral blood lymphocytes after exposure to androgens. Cells were cultured with IL-2, PHA, and testosterone, which is a compound metabolized by both 5␣-reductase (androgenic effects) and by aromatase (estrogenic effects), in the presence or absence of flutamide, a drug that competes with testosterone for binding to ARs. Although telomerase activity was slightly reduced . AR was not expressed by lymphocytes (representative, n ϭ 3) but was present in MCF-7 and LNCaP cell lines. ER␣ had low expression in lymphocytes in comparison with MCF-7 lines but was absent in LNCaP. Actin was used as loading control. (E) Expression of ER␤ was measured in the same cells using RT-PCR (GADPH was used as expression control). ER␤ was more expressed in lymphocytes than in MCF-7 and LNCaP cell lines. Blanks represent the negative control for the RT-PCR reaction. (F) RT-PCR for CYP19 mRNA expression in peripheral blood lymphocytes of healthy male (subjects A and C) and female (B) subjects cultured in the presence or absence of testosterone 1 M. CYP19 was to be expressed in lymphocytes in both sexes, but mainly in male subjects, but was not affected but addition of testosterone to cell culture. GADPH was used as expression control (*P Ͻ .05; **P Ͻ .01).
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For personal use only. on September 13, 2017. by guest www.bloodjournal.org From in the presence of flutamide, this effect was not statistically different from that of testosterone alone ( Figure 3C ). AR also was not detected by immunoblot in cell lysates prepared from lymphocytes of healthy donors ( Figure 3D ).
Inhibition of androgen effects on telomerase activity by letrozole
To further elucidate the role of the ER pathway, we investigated whether intracellular conversion of androgens to estrogens in human lymphocytes was necessary for androgens to activate telomerase. Aromatase (CYP19), the enzyme that converts androgens into estrogen, was expressed in lymphocytes, as assessed by RT-PCR ( Figure 3E ), as previously observed. [23] [24] [25] Lymphocytes were then cultured with R1881 in the presence or absence of letrozole, an aromatase inhibitor. When letrozole was added to cultures, androgen-dependent increases in telomerase activity were not observed (Table 1) . We inferred that androgen conversion into estrogen was necessary to activate telomerase, further implicating the ER as the pathway of telomerase activation by sex steroids in lymphocytes.
Estrogen receptor-␣ mediates telomerase activation
Because the ER appeared to be the main pathway of TERT activation for both androgens and E2, we investigated whether ER␣ or ER␤ mediated sex steroid activation of telomerase. Both ER␣ and ER␤ were detected in lymphocytes either by immunoblot (ER␣; Figure 3D ) or RT-PCR (ER␤; Figure 3F ). We used siRNA to "knock down" ER␣ or ER␤ in peripheral blood lymphocytes and then stimulated the cells with IL-2, PHA, and E 2 ( Figure 4) . In 5 experiments, siRNA knocked down either ER␣ (85% reduction in expression in comparison to scramble control; Figure 4A ) or ER␤ (60% reduction; Figure 4B ). When ER␣ expression was reduced, the E 2 -mediated increase in telomerase activity was abrogated, but this effect was not observed when ER␤ was targeted ( Figure 4C ). Although the reduction in ER␤ expression was within the range observed in siRNA experiments and usually capable of altering cell function, a nearly complete abrogation was not achieved, and this receptor cannot be rigorously excluded as a mediator between estrogens and telomerase expression.
Androgens stimulate telomerase activity of bone marrow CD34 ؉ cells
Based on the positive effects of methyltrienolone on telomerase activity in peripheral blood lymphocytes, we investigated whether similar effects could also be produced by androgens in hematopoietic progenitors, the cells ultimately responsible for blood cell production. We collected bone marrow-and peripheral bloodderived CD34 ϩ cells from normal subjects. Cells were separated immunomagnetically and cultured in vitro for 8 days, in the presence or absence of methyltrienolone or testosterone; the purity of CD34 ϩ cells after separation in all our samples was greater than 94% (94%-97%; data not shown). Increased telomerase activity was observed in CD34 ϩ cells exposed to androgen ( Table 2) .
The increase in enzymatic activity did not correlate with changes in cell cycle (data not shown) or cell differentiation into erythroid (indicated by CD71 expression) or myeloid (evidenced by CD33 expression) lineages ( Figure 5 ). Taken together, these results indicate that androgens stimulate telomerase activity of CD34 ϩ hematopoietic cells in a similar fashion to that observed in peripheral blood lymphocytes.
Androgen up-regulates telomerase activity of TERT mutant lymphocytes
As androgens were able to activate telomerase function in primary lymphocytes of healthy volunteers, we examined whether androgens also modulated telomerase activity in hematopoietic cells from TERT mutant individuals. Peripheral blood lymphocytes that were heterozygous for TERT mutations (codon Ala202Thr and codon Val1090Met) 16 were cultured with R1881 for 3 days and Telomerase activity of cultured lymphocytes is expressed as relative telomerase activity (considering telomerase activity of each donor in the absence of hormones as reference activity). Letrozole is an aromatase (CYP19) inhibitor, preventing androgens from being converted into estrogen. Normal peripheral blood lymphocytes from 4 healthy subjects were cultured for 3 days in two separate experiments each.
*P Ͻ .05 in Kruskal-Wallis test; P Ͻ .05 when compared to condition without R1881 and letrozole.
†Difference not statistically significant in comparison to control (no drugs added). telomerase activity measured. Both loss-of-function mutations are known to abolish telomerase activity of the mutant allele and to reduce overall cellular telomerase function to approximately 50% by haploinsufficiency. 16 Telomerase was reduced in all 3 mutationcarriers in comparison to controls, but when R1881 was added to cell culture, telomerase function was restored to normal levels (P Ͻ .01; Table 3 ), indicating that androgens were able to stimulate telomerase activity in cells of telomerase-mutant patients.
Discussion
In the series of experiments reported here, we showed that androgens stimulated telomerase gene expression and enzymatic activity in normal and TERT-mutant human peripheral blood lymphocytes and in bone marrow CD34 ϩ cells. That aromatization and estrogen receptors mediate this process was inferred from the inhibition of both androgen and estrogen effects on telomerase by 4-hydroxy-tamoxifen, which blocks the ER, and further by letrozole, which blocks the enzyme aromatase and prevents androgen conversion into estrogen. "Knockdown" experiments suggested that the ER␣ is implicated in this mechanism. In contrast, our inability to detect the androgen receptor in target cells and absence of an effect of the androgen antagonist flutamide argue against a major role for the androgen receptor in TERT stimulation. Historically, androgens have been used to treat both constitutional and acquired aplastic anemias. In studies performed decades ago, male hormones appeared to increase the survival of patients and to induce partial and complete hematologic responses in acquired aplastic anemia. [26] [27] [28] However, large randomized trials have failed to demonstrate significant benefits of androgens. 29, 30 Many hematologists have the experience of occasional aplastic patients who remain androgen-dependent after initial response. 31 Androgens continue to be a mainstay of therapy of constitutional marrow failure syndromes. In dyskeratosis congenita, approximately 60% of patients show an increase in the 3 hematopoietic cell Table 2 . Induction of telomerase activity in normal bone marrow CD34 ؉ cells by methyltrienolone (R1881) Relative telomerase activity R1881 concentration
Average 100% Ϯ 2.3% 137% Ϯ 6.1%* 138% Ϯ .3%* Telomerase activity of cultured CD34 ϩ cells is expressed as relative telomerase activity (considering telomerase activity of each donor in the absence of hormones as reference activity). CD34 ϩ bone marrow cells from 3 healthy donors were purified and cultured for 8 days in liquid media in the presence of methyltrienolone.
*P Ͻ .01, Kruskal Wallis test; P Ͻ .05 for each column in comparison to "0" (no androgen) using the Dunn multiple comparison test. For personal use only. on September 13, 2017 . by guest www.bloodjournal.org From lineages with hormonal therapy. 17 Patients who are known to have telomerase complex mutations may become transfusionindependent and have adequate neutrophil counts after treatment with androgens. 1 Patients with Fanconi anemia, who also frequently present telomere shortening that correlates with the degree of marrow failure, 32 may significantly benefit from androgen therapy. 33 Androgen therapy usually is reserved to transfusiondependent patients or to patients with clinically significant neutropenia or thrombocytopenia who are not eligible for hematopoietic stem cell transplantation. However, the contribution of telomere shortening to disease development in Fanconi anemia is uncertain.
One known mechanism of hematologic effects of androgens is to increase red cell mass by stimulating expansion of erythroid progenitors through increased erythropoietin production by the kidneys. 26, 34 How androgens used therapeutically would lead to increased myelopoiesis and megakaryocytopoiesis has been unclear. Our results provide a direct molecular mechanism of action for androgens on telomerase activity of hematopoietic cells. The TERT promoter region contains an imperfect palindromic ERE at position Ϫ2677 and an ERE adjacent to an Sp1 site (Sp1-ERE) at position Ϫ873 ( Figure 3A) . 21, 22 In ER-positive cell lines (MCF-7, derived from a patient with epithelial breast cancer), estradiol activates telomerase activity; ER␣ bound to ERE in the TERT promoter region in gel shift assays, and mutations in this element or tamoxifen exposure significantly reduce estrogen-induced TERT activation. 21, 22 In our experiments, knockdown of ER␣ but not of ER␤ abrogated estrogen effects on telomerase activity. As ER␤ expression was not completely abrogated by siRNA (it was reduced to approximately 40%), we cannot entirely exclude ER␤ involvement as a mediator of estrogen effects on telomerase function. However, it has been previously shown that ER␤ does not bind to ERE in the TERT promoter region. 22 Taken together, these results implicate ER␣ in this pathway. Androgens also were found to modulate telomerase activity in normal prostate and malignant cells of this gland. 5␣-dihydrotestosterone stimulated telomerase in LNCaP cells, an androgen-sensitive prostate cancer cell line, but not in normal prostate cells. 35 R1881 also induces telomerase in LNCaP cells, 18 but this effect was indirect, as TERT promoter constructs transfected into HeLa cells were not activated. Androgen seems to exert its effects on telomerase in prostate cancer cell lines through intracellular conversion to estradiol. 36 Androgens may act on telomerase expression in hematopoietic tissue after conversion in peripheral tissues to metabolites, such as 17␤-estradiol and 5␣-dihydrotestosterone; leukocytes express aromatase (CYP19), the enzyme responsible for aromatization of the testosterone A ring by conversion to 17␤-estradiol ( Figure 3E) . 23, 24, 37 Androgens increased low baseline telomerase activity in individuals carrying a loss-of-function TERT mutation to normal levels (Table 3) . These results have direct implications for patients with aplastic anemia carrying telomerase complex mutations and in dyskeratosis congenita, potentially explaining the effectiveness of male hormones in these syndromes, as well as guiding what type of androgenic compounds (readily aromatized) or even estrogens may be even more effective in the future. Although estrogens have not been used in the treatment of bone marrow failure syndromes, our results suggest that these hormones may be therapeutic for telomerase-deficient marrow failure states. Indeed, there are suggestive anecdotal experiences in bone marrow failure, such as remissions, especially of some constitutional syndromes, with the onset of puberty, and the onset or relapse of acquired aplastic anemia with pregnancy, when estrogen levels decrease.
That most of the experiments were performed in peripheral blood lymphocytes due to the paucity of bone marrow CD34 ϩ cells for multiple assays is the major limitation in our study, and of course observations made in lymphocytes do not necessarily reflect the pathways in the hematopoietic stem cell, the etiologic cell in aplastic anemia. However, our major finding, androgen-mediated up-regulation of telomerase activity, was similar in both lymphocytes and bone marrow CD34 ϩ cells; estradiol also stimulated telomerase activity in CD34 ϩ cells. These results suggest that cells of the same tissue origin might share similar molecular pathways of telomerase activation. In addition, the androgen and estrogen doses used in our study were pharmacological, and the effects observed here do not necessarily reflect the physiologic effects of sex hormones on telomerase activity in hematopoietic cells. 38 In this latter context, sex hormone effects of telomerase may be cautiously extrapolated, positively to the physiology of aging and negatively to the treatment of malignancies. Sex hormone differences might explain why women have slightly longer telomeres of leukocytes than do men. 39 Further, hormone replacement therapy has been reported to decrease the rate of telomere shortening in postmenopausal women: women 55 to 69 years old receiving estrogens for at least 5 years had longer telomeres than did age-matched controls, suggesting that hormonal replacement attenuated the pace of telomere attrition. 40 For both sexes, telomeres of peripheral blood leukocytes shorten very rapidly, at a rate of more than 1 kb/year, during the first decade of life, but telomere length reaches a plateau during much of adulthood, with later gradual attrition after the fifth to sixth decades of life. 41 The plateau-more evident in women-roughly coincides with higher sex hormone levels, consistent with sex hormone mediated telomere length stabilization in normal adults. 1 Telomere shortening has been linked etiologically to cancer in animals. Epithelial aneuploid tumors, unusual in the laboratory rodent, are prevalent in Terc knockout animals that also bear p53 gene mutations. 42 The anticipated end-to-end chromosome fusions and breakage-fusion-bridge cycles are present in these animals. In humans, we have recently reported constitutional hypomorphic TERT mutations in acute myeloid leukemia. 43 Sex hormone effects on telomerase regulation in tissues such as prostate and breast are well known. Our data indicate that, at high doses in vitro, sex hormones affect telomerase activity. In vivo, they might offer a simple method to modulate telomerase activity in genetically susceptible individuals. In this context, patients with aplastic anemia and short telomeres in the absence of telomerase mutations also would benefit from sex hormones by preventing evolution to clonal disorders, which is more common in this group of patients.
In conclusion, our results are consistent with a direct effect of androgens on TERT gene expression and telomerase activity, which may explain the hormone stimulation of hematopoiesis in dyskeratosis congenita and in acquired aplastic anemia patients, leading to hematopoietic response by activating telomerase in hematopoietic cells, especially stem cells. Higher telomerase activity in hematopoietic stem cells might increase hematopoietic cell proliferation Telomerase activity of cultured lymphocytes is expressed as relative telomerase activity (considering telomerase activity from noncarriers' lymphocytes in the absence of hormones as reference activity).
*Two clinically healthy individuals with codon Ala202Thr and one with codon Val1090Met mutations were studied; all carriers were clinically healthy and were relatives of patients with aplastic anemia with TERT mutations.
†P Ͻ .01.
and recovery of peripheral blood cell counts. These findings provide one biological basis for the treatment with sex hormones of patients with aplastic anemia carrying telomerase mutations, and they have potential physiologic implications for telomere stability during the human reproductive period and for a relationship between sex hormones and cancer susceptibility.
